Introduction missive cells without producing cytopathic effects. Viral Adenovirus vectors are ideally suited for in vivo gene late gene expression in infected Hela cells was severely delivery applications due to their high titers, ability to impaired due to the additional E4 deletion in the vector. 15 target a wide range of both dividing and nondividing Here we report that E1/E4-deleted (⌬E1/⌬E4) adenocells, and their ability to mediate a high level of transgene virus vectors yield significantly prolonged transgene expression. In addition, infection with adenovirus has not expression in vivo with no direct cytopathic effects and been linked to human malignancy. However, several facwith minimal virus-specific immune response. tors significantly limit the utility of current E1-deleted (⌬E1) adenovirus vectors. Persistence of transgene Results expression in vivo is limited to 2-3 weeks. [1] [2] [3] [4] Extensive in vivo gene transfer studies with ⌬E1 and E1/E3-deleted (⌬E1/⌬E3) vectors have demonstrated expression of viral Construction of ⌬E1/⌬E4 and ⌬E1 recombinant late gene products leading to direct cytopathic effects of adenoviruses target cells shortly after gene transfer 5 and host cellular An E1/E4 doubly deleted adenovirus vector, Ad5/␦E1(␤-immune response against viral proteins, 6-10 both leading gal)␦E4, was constructed. The E4 deletion was derived to inflammation and destruction of transduced tissues.
from H5dl1014, which contains two deletions destroying The cytotoxicity and cellular immune response can be all the open reading frames (ORF) of the E4 region with further augmented by emergence of E1-containing (E1+) the exception of ORF4. 16 An Escherichia coli ␤-galactoreplication-competent adenovirus (RCA) during the prosidase (␤-gal) transgene, driven by mouse phosphoglycduction of ⌬E1 virus using 293 cells. 11 erate kinase (pgk) promoter, was inserted into the deleted In order to prolong transgene expression in vivo, we E1 gene region. A first generation adenovirus vector, constructed a new generation of adenovirus vectors conAd5/␦E1(␤-gal), which differs from Ad5/␦E1(␤-gal)␦E4 taining two lethal deletions within the E1 and E4 gene in that it contains an intact E4 region, was constructed regions and a cell line that support its growth. 12 The E4 for comparison. Both ⌬E1 and ⌬E1/⌬E4 vectors used in gene region encodes proteins that regulate viral early-toin vivo gene transfer studies were screened using PCRlate phase transition, and cause host protein synthesis based, 11 as well as cell based assays 11, 17 and found to shutoff. 13 Removal of the E1 and E4 gene regions from be free of E4-containing (⌬E1/E4+), E1-containing the recombinant adenovirus vectors should dramatically (E1+/⌬E4), and replication-competent adenovirus (RCA, reduce viral late gene expression due to failure to E1+/E4+). The viral stocks had the ratios of total virus accumulate viral late transcripts in the cytoplasm, leading particles to infectious virus particles at 9.55 for the to a reduction in viral late protein synthesis and inability Ad5/␦E1(␤-gal) and at 11.55 for the Ad5/␦E1(␤-gal)␦E4. to produce viral particles. 14 Figure 1b) . Enzyme activity in livers of animals transduced with the Ad5/␦E1(␤-gal)␦E4 vector peaked at bromo-4-chloro-3-indolyl-␤-d-galactosidase (X-gal). Morphometric evaluation of liver sections revealed that 100% day 14 and decreased to 40-50% of the peak between days 21 and 77, whereas the enzyme activity in livers of of cells expressed the ␤-gal gene following delivery by either ⌬E1 or ⌬E1/⌬E4 vector at days 3 and 7 after injecanimals transduced with Ad5/␦E1(␤-gal) decreased exponentially from its maximum at day 7 to 2% at day tion (Figure 1a) . At day 21, the Ad5/␦E1(␤-gal) vector expressed the ␤-gal gene in 85% of the cells. The percent-77. Even though the gene expression from Ad5/␦E1(␤-gal)␦E4 vector persists at significantly greater levels comage of cells within each tissue section expressing the ␤-gal gene decreased to 20% at day 35 and to less than 7% pared with the Ad5/␦E1(␤-gal) vector, the peak absolute activity found from Ad5/␦E1(␤-gal)␦E4 vector is 50% of at day 77 after injection. In contrast, gene transfer with doubly deleted Ad5/␦E1(␤-gal)␦E4 vector yielded a sigthe Ad5/␦E1(␤-gal) vector maximum at day 7. This was observed previously following in vitro gene transfer into nificantly greater number of cells within each liver section that expressed the transgene at each time point. The
Hela cells. 1 The difference in the kinetics and absolute levels of ␤-gal enzyme activity could reflect differences in ␤-gal gene was expressed by 99% of cells at day 21, 92% at day 35 and 83% at day 77 after injection. Thus introviral DNA replication and cell death/replacement rates following the infection. duction of the additional E4 deletion into the vector Stable maintenance of the transgene in hepatocytes stained liver section, 10 sections per animal from each sample group were examined for cytopathic effects and Using Southern analysis, we examined whether the persistence of gene expression in vivo was correlated directly the infiltration of inflammatory cells. None of the animals which received the Ad5/␦E1(␤-gal)␦E4 showed pathoto the persistence of viral DNA encoding the transgene (Figure 2 ). At day 3 following the Ad5/␦E1(␤-gal)␦E4 logical changes throughout the course of the experiment except for very mild mononuclear cell infiltration injection, eight ␤-gal gene copies per cell were detected. This decreased to between three and four copies per cell (Figure 3a and b) . In contrast, typical viral hepatitis-like pathological changes, such as cell ballooning, tissue at day 77 after injection. In contrast, in animals which received the Ad5/␦E1(␤-gal), the gene copy number per necrosis, loss of lobular structure and inflammatory infiltration were observed in animals following the cell was reduced to 0.1 at day 77 from an initial high of 20 per cell at day 3 after injection ( Figure 2 ). The decay Ad5/␦E1(␤-gal) administration between day 7 and 35 ( Figure 3a and b) . By day 77, animals which had received kinetics of gene expression is similar to the decay kinetics of transgene persistence for both Ad5/␦E1(␤-gal)␦E4 and the Ad5/␦E1(␤-gal) vector had recovered morphologically and the regeneration process was visible by the Ad5/␦E1(␤-gal), demonstrating that persistence of transduced cells leads to persistence of gene expression.
reappearance of a normal lobular structure and the presence of a large population of enlarged hepatocytes ( Figure 3 effects, we went on to investigate whether using the Ad5/␦E1(␤-gal)␦E4 infection as compared to the Ad5/␦E1(␤-gal) infection. The significant migration of ⌬E1/⌬E4 vector significantly reduces or eliminates the immune response. Liver sections derived from animals CD8 + cells into livers between days 7 and 35 parallels the time during which dramatic pathological changes occur infected with either Ad5/␦E1(␤-gal)␦E4 or Ad5/␦E1(␤-gal) vectors were evaluated for CD8
+ lymphocyte in livers with the Ad5/␦E1(␤-gal) infection (Figure 4b ). This observation supports the suggestion that a cellular infiltration (Figure 4a) . The data clearly demonstrate a substantial reduction of the CD8 + infiltration following immune response is against de novo synthesized viral antigens 8, 18 and is partly responsible for the loss of transPreviously, we have described the construction of cell lines which complement adenovirus vectors containing gene expression. We observed generally lower levels of CD8 + lymphocyte infiltration following the ⌬E1 adenolethal deletions in both the E1 and the E4 gene regions 1 as a first effort to overcome the problems associated with virus infection than previously reported. 7 The E3 19 kDa gene product is involved in the blockage of nascent MHC ⌬E1 adenovirus vectors. In this report, we demonstrate that following in vivo gene delivery, these vectors provide class I molecular presentation. 18 Retention of the E3 region in the Ad5/␦E1(␤-gal) could explain the reduced persistent transgene expression in vivo. Greater than 80% of the transduced cells continue to express the ␤-gal gene host cellular immune response observed here with the Ad5/␦E1(␤-gal) vector. product 3 months after gene transfer and transgene DNA sequences are stably maintained in transduced hepatocytes. Persistence of gene expression using ⌬E1/⌬E4 vecDiscussion tors is accompanied by absence of the cytopathic effects. In addition, deletion of the E4 region significantly Several problems remain to be solved with regard to reduced the virus-specific host immune response. extended use of the first generation, ⌬E1 vectors in cliniIt has been suggested that at high multiplicities of cal settings. Accumulation of adenoviral late gene proinfection (MOI), the E1 deletion may not be sufficient to ducts leading to direct cytopathic effects on transduced ensure absolute replication deficiency of adenovirus veccells 6 and host cellular immune response against the tors. 10 This may be related to the expression of specific adenoviral antigens lead to the short duration of transhost gene products with E1A like activity or to the progene expression in vivo. 8, 9 This limited persistence of liferative state of cells. 19 Our Southern results also sugtransgene expression restricts the use of these ⌬E1 vecgest that there was limited viral DNA replication of ⌬E1 tors in many disease applications which require longterm production of delivered transgene products.
Figure 4 Reduced infiltration of CD8 + T lymphocytes following in vivo gene transfer with Ad5/␦E1(␤-gal)␦E4. Frozen liver sections from day 3, 7, 14, 21, 28 and 35 after gene transfer were stained with anti-CD8 antibody to assess the infiltration of CD8 + T lymphocytes. (a) Sections from animals killed at day 7 after gene transfer are shown at a magnification of × 1260 to demonstrate infiltration of CD8
vectors in vivo. Although animals received approximately the same number of total and infectious viral particles of ⌬E1 vectors and have great potential for human gene therapy applications. either ⌬E1 or ⌬E1/⌬E4 vector, the copy numbers of the ␤-gal gene following ⌬E1 vector infection were two-to three-fold more than that with ⌬E1/⌬E4 vector infection
Materials and methods
within the first week after injection. Since E4 functions are required in many events occurring at the onset of the Recombinant viruses late phase of viral life cycle, 13 deletion of the E4 region Recombinant adenoviruses were generated as desresulting in the absence of viral DNA replication may cribed. 12 Briefly, the Ad5/␦E1(␤-gal)␦E4 was generated explain the absence of or minimized DNA replication of by cotransfection of 10 g of BstBI linearized ADV-␤-gal the ⌬E1/⌬E4 vector especially as it retains the ORF4, and ClaI digested H5dl1014 in the 293-E4 cell line. The which encodes a DNA replication inhibitory protein.
20
Ad5/␦E1(␤-gal) was generated by cotransfection of 10 g The E4 gene is also essential for the efficient transport of ADV-␤-gal linearized by BstBI with 4 g of wtAd5 of late viral mRNAs and stability of late mRNAs. 21 Comdigested with ClaI in 293 cells. Plaques which contained bined E1 and E4 gene deletions should completely or parthe recombinant virus carrying the lacZ gene were purtially suppress viral late protein synthesis from this ified, expanded and the viral DNA from the lysates was ⌬E1/⌬E4 adenovirus vector leading to reduction or elimanalyzed as previously described. 29 The viral stocks used ination of cytopathic effects. Consistent with this predicfor animal experiments were produced from suspension tion, we have observed complete absence of pathological cultures and purified by double CsCI banding, dialyzed changes of livers following gene transfer with ⌬E1/⌬E4 against phosphate-buffered saline and stored at −80°C in and no accelerated tissue regeneration process, shown 10% glycerol. 30 The number of total virus particles per both by the hepatocyte morphology and liver architecture milliliter was determined by measuring fluorescence of in HE staining and by stable maintenance of transgene purified viral DNA. The conversion factor of 1. tious viral particles per milliliter. The ratios of total parCorrespondingly, the probability of a simultaneous douticles to infectious particles in the Ad5/␦E1(␤-gal) and ble repair through homologous recombination will be in the Ad5/␦E1(␤-gal)␦E4 stocks are 9.55 and 11.55. The prithe 10 −11 range. Thus introduction of the lethal E4 mers used for detection of E1-containing virus are predeletion into the ⌬E1 adenovirus vector minimizes the viously described. 11 The primers used for detection of E4-danger of RCA generation.
containing virus are 5Ј-CACAGCACCACAATA-3Ј and Since not only newly synthesized viral late proteins, 5Ј-TGACTACGATGTGCT-3Ј. This set of the primers such as hexon and fiber proteins, 25, 26 but also the ␤-gal hybridizes to the E4 regions which were deleted in the gene product are antigenic, 27 the host cellular immune Ad5/␦E1(␤-gal)␦E4. Cell-based assays to detect response should be directed against infected cells impurities in recombinant virus stocks were carried out presenting either a viral or transgene antigen. Introducby serial dilution of viral stocks at 10 0 , 10 . For detection of ⌬E1/E4+ viruses, dilutions substantially decrease or eliminate the expression of viral were plaque assayed on 293 cells, of E1+/⌬E4 viruses on late proteins in vivo, as we observed in vitro.
15 This possi-W162 cells, 17 and of RCA (E1+/E4+) on A549 cells. 14 No bility is currently being examined by immunohistochemplaque formation on these cell lines ensured that there ical studies using hexon and fiber antibodies. The miniwere no detectable E1-, E4-repaired or RCA particles in mal level of CD8 + lymphocyte infiltration in the liver viral stocks. following Ad5/␦E1(␤-gal)␦E4 administration may be elicited by the immunogenic ␤-galactosidase.
27,28
Animal procedures and histochemical staining We report here that the additional deletion of the E4
Six-week-old female CBA mice, five per group, were gene region in ⌬E1 vectors results in persistence of gene injected via tail vein with 1 × 10 9 infectious particles at expression and eliminates cytopathic effects and reduced 300 l volume, corresponding to total virus particles at host cellular immune responses. Further studies directed 0.95 × 10 10 of Ad5/␦E1(␤-gal) and at 1.15 × 10 10 of at understanding the cellular and humoral immune Ad5/␦E1(␤-gal)␦E4. Animals were killed at day 3, 7, 14, response following multiple administration are 21, 28, 35 and 77 after gene transfer. Liver was fixed, underway. Our results demonstrate that ⌬E1/⌬E4 vecembedded in OCT and stored in LN 2 . 30 Sections of 6 m were cut and stained with 5-bromo-4-chloro-3-indolyl-␤-tors represent a significant improvement over the current
